The valgus knee presents a unique set of problems that must be addressed during total knee arthroplasty. 
Most surgeons agree that the arthritic knee with valgus deformity presents a unique set of problems that must be addressed at the time of total knee arthroplasty (TKA). Correction of the deformity and restoration of anatomic alignment should be achieved to maximize the longevity of the replaced components. Although several authors have suggested TKA as a potential treatment for the knee with severe valgus deformity, [1] [2] [3] [4] [5] [6] [7] [8] [9] none has comprehensively reviewed the extensive kinematic and anatomic variables that need to be understood in attempting to balance the TKA in a patient with a valgus deformity.
The valgus knee may have any combination of primary or secondary bone and soft-tissue abnormalities. These include contracted lateral capsular and ligamentous structures, lax medial structures, and acquired or preexisting bony anatomic deficiencies. This constellation of pathology makes attaining soft-tissue balance when the knee is returned to physiologic alignment extremely difficult. The recent literature 10, 11 has underscored the importance of ligament balancing and of assessing this balance throughout a range of motion during the trial reduction of the total knee components. In the 1970s, Freeman et al 12 and Insall 13 were among the first to emphasize this basic principle with the introduction of a tensor instrument and laminar spreader to assess the symmetry of the flexion and extension gaps. The development and more frequent use of both constrained posterior stabilizing/posterior cruciate substituting prostheses and total stabilizing prostheses, as well as the introduction of "measured resection" instrumentation, might suggest that less attention can be paid to this basic principle of balancing the knee. However, if proper ligament balancing techniques are used and proper ligament balance is attained, the knee may not require the use of a more constrained component.
A thorough understanding of the pathologic anatomy and a meticulous preoperative evaluation to demonstrate fully the individual patient's anatomic deficiencies are critical to effective surgical management.
Etiology
Valgus deformity in adults commonly is associated with inflammatory arthritis as well as with primary osteoarthritis, posttraumatic arthritis, or even overcorrection from a high tibial osteotomy for a preexisting varus deformity. Likely a significant percentage of adult patients with lateral compartment osteoarthritis and associated valgus deformity represent unresolved physiologic valgus deformity. Occasionally, persistence of genu valgum from childhood may exist secondary to metabolic disorders, such as rickets and renal osteodystrophy. Finally, valgus alignment may represent a posttraumatic deformity and be the result of a tibial malunion, physeal arrest, or tibial plateau fracture. 14 Despite the well-known associations of valgus deformity of the knee with rheumatoid arthritis, rickets, and renal osteodystrophy, these patients make up a small proportion of those requiring TKA. In four of the five clinical series that utilized TKA in patients with valgus deformity of the knee, primary osteoarthritis was overwhelmingly the most common etiology, with a smaller number of patients having rheumatoid arthritis and posttraumatic arthritis. [5] [6] [7] [8] [9] Even less common etiologies included other inflammatory disorders and osteonecrosis.
Alignment
The normal mechanical axis of the knee is defined as a line that passes from the center of the hip to the center of the ankle (Fig. 1, A) . Normal alignment is defined by the fact that the line passes through the center of the knee. In the knee with valgus deformity, the center of the joint lies medial to the mechanical axis ( Fig.  1, B) . The anatomic axes of the femur and tibia are represented by lines down the center of their respective shafts. The anatomic femoral axis is commonly 5 to 6 degrees lateral to or "offset" from the femoral mechanical axis, while the mechanical and tibial shaft axes are coincident. The 5-to 6-degree anatomic axis of the femur may be decreased by the pressures of coxa valgum or in patients who have undergone total hip arthroplasties.
When normal knee alignment exists, the angle between the mechanical axes of the femur and the tibia is zero. The radiographic deformity can be defined as the angle drawn between the mechanical axis of the femur (i.e., the middle of the femoral head to the middle of the femoral surface of the knee, not of the entire lower extremity) and the shaft axis of the tibia. Alternatively, one can define deformity using the tibiofemoral angle, or the angle created between the anatomic axes of the femur and tibia. It is therefore very important to provide the specifics of the orientation measurement system to avoid confusion. In this article, we use the term "tibiofemoral angle" to describe the "anatomic tibiofemoral angle" to emphasize that we are considering the position of the anatomic shaft axes.
Although various measurements have been reported, 1-9 a valgus knee generally is defined as a tibiofemoral angle >10 degrees. Clearly, a tibiofemoral angle of 7 to 9 degrees is larger than normal, but patients with smaller deformities have typically not been included in study cohorts evaluating treatment of valgus knees.
The definition of the deformity based solely on the position of bony landmarks on radiographs does not provide complete information regarding the nature of the deformity, especially of the involvement of periarticular soft tissues. A major component of the surgeon's task in managing deformity is the direct result of the coexisting asymmetry and/or contractures of the soft tissues, not just the abnormalities of bony alignment relative to the initial weight-bearing radiograph. For example, in a patient with acute fracture and collapse of the lateral tibial plateau (assuming no preexisting deformity and no secondary contracture of soft tissues since fracture), placement of a distracting device into the knee joint will "jack" open the lateral compartment so that a space defect is apparent, while the overall alignment of the tibia and femur is normal. This emphasizes the importance of assessing deformity in terms of the "asymmetry" of the soft-tissue sleeve. To assess that asymmetry intraoperatively, a tensor instrument as originally introduced by Freeman et al 12 or spacer blocks as described by Insall 13 may be used.
Intraoperative Considerations
Incision and Exposure A median parapatellar approach is most commonly used during surgery even though most of the pathology is on the lateral side of the valgus-deformed line. Patellar eversion is relatively easy because of the combination of the valgus deformity and the relative lateralization of the tibial tubercle. The knee is then gently flexed and the joint can be exposed. Although most of the required soft-tissue releases are of the lateral structures and rather distant from the anteromedial arthrotomy, the valgus deformity sufficiently facilitates general exposure so that access to the posterolateral corner of the knee joint is not difficult, even in patients with extreme obesity. Keblish 15 has developed and reported on the use of a lateral retinacular approach for the valgus knee. The potential advantage of this exposure is the direct access to the lateral retinacular and capsular ligamentous tissues for release. In addition, there is no disruption of the medial blood supply to the patella, thus presumably lessening the chances of patellar devascularization from sacrifice of the lateral geniculate vessels during aggressive lateral retinacular release.
This lateral exposure has gained some proponents but has not achieved universal acceptance. There are two main considerations with this approach. The first is that the normal position of the tibial tubercle is lateral to the midline, and this position is accentuated by valgus deformity. A lateral parapatellar exposure therefore does not offer as wide a view of the central and medial aspects of the knee. To overcome this, it is typically necessary to perform a modified "wafer" osteotomy of the tibial tubercle, which must carry the inherent risks of postoperative patellar tendon failure and nonunion.
The second issue relates to sufficient tissue for wound closure. After the lateral side of the knee has had the appropriate releases to achieve balance, there may be only skin and subcutaneous tissue available for closure. Techniques have been developed to address this problem; these include a Z-cut capsulotomy or advancing the fat pad over the anterolateral joint line to provide closure elements. Nevertheless, these two potential causes of morbidity must be weighed against the more direct access to the contracted tissues.
Bony Architecture
Lateral bone deficiency is a common component of the valgus knee deformity and may involve both the lateral femoral condyle and/or the posterior aspect of the lateral tibial plateau (Fig. 2) . Proper femoral component placement for TKA is achieved by referencing the cutting jig system on the posterior femoral condyles or epicondylar axis. However, the epicondylar axis may be difficult to determine intraoperatively. 16 Therefore, if the lateral femoral condyle is deficient and the posterior femoral condylar axis is used, an inappropriately large amount of bone will be resected from the posterior aspect of the lateral condyle. Improper resection may result in internal rotation of the femoral component and obligate medial placement of the patellar groove. Malpositioning of the femoral condyles has the effect of internally rotating the entire extremity. Furthermore, the relationship with the contracted lateral ligaments creates an abnormal patellofemoral alignment. The end result is an increased Q-angle and abnormal patellar tracking.
Alternatively, proper femoral component rotation may be best achieved by using the anteroposterior (AP) axis, as described by Arima et al. 16 The AP axis is defined by a line parallel to and bisecting the intercondylar notch (a line through the deepest part of the patellar groove anteriorly and the center of the intercondylar notch posteriorly) (Fig. 2, B) . This line is also approximately perpendicular to the epicondylar axis. In a study by Whiteside and Arima 17 reviewing 107 patients in whom the AP axis was used for TKA in the valgus knee, only one patient required a tibial tubercle transfer for patellar malalignment.
Gap Kinematics
The relationship of the proximal tibia to the distal femur, as represented by the gap created by bone deficiency, and how it changes while performing ligament balancing, may be referred to as gap kinematics. Proper balancing of the joint gaps must be achieved so that once the gaps are filled with suitably articulating knee components, the static tension of the surrounding soft-tissue sleeve will allow for a stable construct. If asymmetry and inequality exist in the soft-tissue sleeve, properly articulating components may have no primary support to keep them stable under antagonistic dynamic forces (Fig. 3) . Therefore, it is mandatory to create an essentially stable joint gap throughout the entire range of flexion and extension.
The valgus knee is approached by first determining if the deformity is passively correctable during the initial clinical examination under anesthesia, and then again intraoperatively once all osteophytes have been removed. If, after the preliminary bone cuts have been performed, the deformity is corrected and the joint gaps are equal in both flexion and extension, no further lateral stabilizer releases are necessary. However, if there is even a modest residual valgus deformity or instability, then some lateral release may be required. There is no consensus regarding the sequence in which the structures about the knee should be released. 12, 13, [18] [19] [20] Those structures most commonly addressed for release include the iliotibial band, posterolateral capsule, lateral collateral ligament (LCL), popliteal tendon, and the lateral head of the gastrocnemius muscle.
Krackow and Mihalko 21 and Krackow et al 22 developed a kinematic analysis model of the commonly released lateral structures in a cadaveric model. After release of the LCL, popliteus, lateral gastrocnemius, and iliotibial band, <5 degrees of correction could be achieved in full extension if the posterior cruciate ligament (PCL) was retained. If the release of the four lateral structures was combined with PCL sacrifice, a 9-degree correction could be achieved. Releasing the LCL first allowed for a more gradual correction, with about 4 degrees obtained after initial LCL release and a gradual increase to about 9 degrees with release of successive secondary structures. Because the LCL is the primary stabilizer of the lateral side of the joint, release of the secondary stabilizers (iliotibial band, popliteal tendon, posterolateral capsule) before the LCL may result in insufficient correction. Subsequent release of the LCL may then result in overcorrection and instability.
However, some surgeons think that releasing the LCL first is inappropriate. They may be correct, depending on when in the range of motion the joint remains tight. If the lateral side of the joint is tight in both extension and flexion, then subsequent release of the LCL must be performed to balance the joint gap properly throughout a range of motion. 19 If the joint gap is tight laterally only in extension, then release of the iliotibial band or possibly the popliteus may correct the balance in extension. Conversely, if the lateral joint gap is tight only in flexion, that deformity may be corrected by releasing the posterolateral capsule and popliteofibular ligament to equalize the flexion gap. All of these releases are typically done after PCL sacrifice.
Another method of progressively releasing the lateral side involves using multiple small incisions with a scalpel blade through the taut posterolateral capsule with the knee in full extension. 23 This technique may place the common peroneal nerve at risk. The effectiveness of this method for achieving release has been evaluated in both the preclinical and clinical settings. With the lateral side of the knee joint and LCL protected, the posterolateral capsule was incised, and effective correction occurred only after the LCL was divided and essentially released. This same technique was then analyzed in the laboratory using cadaveric kinematic analysis. It was evident that <4 degrees of correction could be obtained if only the posterolateral capsule were released without the LCL. 23 In addition, the common peroneal nerve was found to be between 7 to 9 mm from the posterolateral capsule in full extension. These measurements were made, however, in cadaveric knees without deformity and therefore without contracted lateral anatomic structures. The distance from the peroneal nerve to the posterolateral capsule may be even smaller.
If release of the lateral structures does not sufficiently stabilize flexion and extension gaps, then the medial side of the joint should be addressed. Several techniques have been described for successfully and safely "tightening" the incompetent medial collateral ligament (MCL). Krackow et al 5 described MCL advancement off the tibial side, and Krackow 24 described MCL midsubstance division and imbrication, to equalize the joint gaps (Fig. 4) . Healy et al 2 described recessing the origin of the MCL with a bone block from the femoral epicondyle. Although these procedures are technically demanding and may affect ligament strength and isometricity, they may be necessary to equalize joint gaps to achieve a stable and durable result.
Component Selection
Another important consideration in the management of valgus deformity is prosthesis selection with regard to the degree of component constraint. Ideally, if proper softtissue balance is restored, a minimally constrained component then can be implanted. Although most surgeons agree that a more constrained posteriorly stabilized component should be used if significant deformity necessitates PCL sacrifice for soft-tissue balancing, it is not universally accepted. Such a prosthesis provides some degree of posterior stabilization as well as protection against posteromedial, 
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posterolateral, straight medial, or straight lateral translation, but it will not protect against residual medial laxity, which is one of the major considerations in achieving proper balance. The surgeon should resist the temptation, when possible, to move to a more highly constrained prosthesis, such as a totally stabilized prosthesis, to compensate for shortcomings in achievable soft-tissue balancing. Although highly constrained components may be necessary in difficult revision cases, they are infrequently necessary for primary TKA. The patient with severe valgus knee deformity also may have a stretched or elongated PCL because of the more medial position of the PCL. Therefore, even if the PCL is retained in a severely valgus knee, it may be nonfunctional and require either an ultracongruent or posteriorly stabilized component.
Component selection for the valgus knee with an extremely deficient lateral femoral condyle may require the use of component augmentation if the femoral component is being cemented. The lateral femoral condyle may have had little or no distal femoral bone resected or, similarly, little to no bone resected from the chamfer and posterior cuts, as well. These cuts may require component augmentation. However, if the femoral component is being press-fit, then as long as native bone is resting on one of the chamfer cuts (as is usually the case for the posterior bevel or chamfer cut), then the remaining defect can be filled with autograft bone taken from other cuts during the procedure. 8 
Surgical Technique
After surgical exposure of the joint and débridement of osteophytes, a tension-stress examination is performed with the knee in full extension and the tibia distracted from the femur. Small-arc varus and valgus forces are applied to assess when the medial and lateral aspects of the soft-tissue sleeve are equally taut. With the tibia held steadily at this point, an approximate assessment of the overall alignment and existing tibiofemoral angle can be made. In this way, it is possible to make an initial estimate of the degree of soft-tissue sleeve asymmetry, which will need to be managed by "balancing." Next, the general shape of the distal femur is assessed. Both the AP axis of Whiteside and the epicondylar axis are used. In some cases of valgus deformity, the lateral epicondyle is not prominent, and defining a distinct lateral point for the axis may be imprecise. With these axes in view, the amount of posterior femoral condylar deformity is estimated.
The knee is then extended and the presence of any flexion contracture or recurvatum can be assessed. The severity or degree of these two features may affect the relative proximaldistal positioning of the distal femoral cut. With most modern cutting jigs positioned to guide the distal cut, one expects the jig to encounter the more prominent distal medial condyle and thus to stand positioned more distally, away from the lateral condyle. This examination allows a rough estimate of wear or deformity of the lateral femoral condyle distally. The knee is then fully extended, and the cut is referenced from the more distal (usually medial) condyle. In the presence of a flexion contracture not completely addressed by capsular release, a somewhat more proximal cut may be made. In the valgus knee with such asymmetric presentation, the decision whether the distal cut should be referenced from the prominent condyle, the deficient condyle, or somewhere in between is made based on the situation of the knee at its maximum extension. When the knee comes to full extension, the cut is referenced from the more distal (usually medial) condyle. In the presence of a flexion contracture not likely to be completely addressed by capsular and/or osteophyte release, a somewhat more proximal cut may be made. In the rare case of initial recurvatum, an even more distal cut may be necessary. Alternatively, a smaller component can be selected in an attempt to increase the flexion gap to match the larger than normal extension gap that allows recurvatum to occur. The distal femoral cut is oriented so that it is perpendicular to the mechanical axis of the femur, i.e., the center of femoral head to the center of the distal femur. Usually, the anterior and posterior femoral cuts are made first; however, it is acceptable to perform the tibial cut first and then proceed with most or all of the soft-tissue release. The amount of valgus alignment in the distal femoral cut is determined from preoperative, long-standing radiographs (Fig. 5, A) by measuring the angle between a line along the femoral diaphysis through the center of the knee, and one from the center of the knee to the center of the femoral head (Fig. 1, A) .
After the tibial cut and soft-tissue release, one may assess the rotational position of the femur as it is distracted away from the tibia with the knee in flexion. Although the final determination of the anterior and posterior femoral cuts can be based entirely from the tibia, attempting to make a perfectly rectangular 90-degree flexion space can be dangerous. Within limits, it may be possible to achieve greater symmetry of the flexion space by some minor rotational alterations in accordance with the relative orientation of the cut tibial surface. The amount of tibial resection is usually first gauged from the more prominent side (usually medial), ignoring an erosive defect if one is present. If the eroded lateral tibial compartment does not allow rim contact, then one can increase the size of the cement mantle or increase the amount of resection until adequate support results. This usually does not require any significant amount of added resection.
Generally, we position the femoral instrumentation first to select component size and then perform the anterior and posterior femoral cuts. Many jigs utilize "skids," which contact the posterior femoral condyles, and then use some scheme for off-setting the rotational axis. After assessing the component rotation as determined by the instrumentation, we recheck and confirm that orientation with the Whiteside axis and, if reliably visible, with the epicondylar axis. Any single referencing technique or combination of techniques would then be selected and the remaining femoral cuts made.
Deciding when to begin and complete soft-tissue balancing is influenced by surgeon preference and the degree of deformity. If a substantial release is necessary, it may be more appropriate to perform this earlier in the procedure. Repeat evaluation of joint gaps and balance is of paramount importance after each individual structure is divided. The first step is to assess the lateral and posterolateral corner of the knee to determine tension in the iliotibial band. Occasionally, but rarely, the iliotibial band may appear to be the tightest structure; it would therefore require release first. More commonly, the LCL is the tightest structure and is released initially. The LCL is sharply elevated from the lateral epicondyle until it is completely released. During the LCL release, the popliteal tendon should be identified and protected to avoid inadvertent division. The effect of the LCL release is then assessed by a tension-stress examination in full extension, partial flexion, and 90 degrees of flexion. It is helpful to place a tagging suture on the stump of the LCL for future identification.
The next release is that of the popliteal tendon, either at or near the joint line. Any bridging connections between the popliteus and the LCL or tibia are separated. At this point, there will be definite opening of the lateral aspect of the knee, more pronounced in flexion than extension. Other structures that may require release include the posterolateral capsule and femoral origin of the gastrocnemius muscle complex, especially in the setting of flexion contracture. Finally, the iliotibial band can be considered. Release of the biceps femoris tendon and/or exposure of the peroneal nerve generally is not recommended.
If both the LCL and the popliteal tendon have been released, they are "repaired" to one another with a locking-loop ligament suture for maximum strength. The purpose of this repair is to provide support in flexion to avoid excessive lateral gapping. Release of both the LCL 
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and popliteus from the lateral femoral epicondyle, as described by Insall, 13 has been successful without secondary lateral flexion instability. Even the patient who undergoes a release of all lateral structures to balance the knee does not need additional care postoperatively beyond that of a routine TKA, except for the addition of a knee brace. If initially there was felt to be stretching of the medial capsular ligamentous complex, it may be impossible to balance the knee by addressing only the lateral side. In this situation, utilization of a technique to tighten the ligamentous structures of the medial side and/ or the use of a more highly constrained intercondylar prosthesis (nonhinged) may be appropriate.
Advancement of the MCL, as previously described 5 (Fig. 4) , or division and imbrication of the MCL 24 (Fig. 6) , can be done in conjunction with use of a constrained intercondylar prosthesis to protect against gravity distraction of the leg and dissociation of the interconnecting peg. This is a very simple technique, which together with the constraint of the prosthesis requires no alteration of patient aftercare.
Complications
Results of past clinical studies, 2, 3, [5] [6] [7] [8] [9] 25 clearly indicate that several complications have been reported more frequently in this subset of patients. The most commonly reported complications in patients with valgus deformities who undergo TKA are tibiofemoral instability (2% to 70%), recurrent valgus deformity (4% to 38%), postoperative motion deficits requiring manipulation (1% to 20%), wound problems (4% to 13%), patellar stress fracture or osteonecrosis (1% to 12%), patellar tracking problems (2% to 10%), and peroneal nerve palsy (3% to 4%). 2, 3, [5] [6] [7] [8] [9] 25 Idusuyi and Morrey 25 reported 32 postoperative peroneal nerve palsies in more than ten thousand consecutive TKAs. Of the 32 palsies, 10 knees had 12 degrees of preoperative valgus deformity or more. This problem presumably is caused by lengthening the lateral aspect of the knee during lateral stabilizer release and subsequent traction to the peroneal nerve. It is generally recommended that patients be evaluated carefully for symptoms postoperatively. If peroneal nerve palsy-type symptoms are discovered, the knee should be flexed to relax the tension that is effectively being placed on the nerve. There are no objective guidelines or data to support the efficacy of any immediate surgical intervention.
Clinical Results
Krackow et al 5 retrospectively reviewed 99 arthroplasties for valgus knees in 88 patients and compared them to a control group with minimal deformity. They identified three types of valgus knees: type I had a valgus deformity secondary to bone loss in the lateral compartment with medial soft-tissue contracture; type II had obvious attenuation and incompetence of the medial compartment; and type III was the result of an overcorrected proximal tibial osteotomy for varus deformity. All arthroplasties were performed with a minimally constrained PCL-sparing prosthesis. Type I patients were treated with lateral soft-tissue release only, and type II patients were treated with lateral soft-tissue release and MCL advancement. No type III patients were treated. Postoperative rating scores for align- 
Summary
The valgus knee presents a challenge to the joint replacement surgeon. The principles of TKA must be applied while taking into account preexisting anatomic deformities.
Understanding the femoral anatomy and using the AP axis for femoral component placement may help prevent postoperative patellofemoral maltracking and instability. Recognizing the soft-tissue asymmetry and using the tension-stress examination to evaluate this allows a structured approach to proper balancing. As a result, the surgeon may more confidently achieve softtissue balancing, resulting in better load distribution and enhancing component stability and longevity.
